Ever since its isolation in 1820, Quinine has played a crucial role in the development of organic chemistry, the chemical industry and modern medicine. A total synthesis of quinine, widely regarded as an event of epochal importance, was claimed by Woodward and Doering in 1945. This work, however, heavily relied on unsubstantiated literature reports and it appears that Woodward's work fell short of a total synthesis of quinine. The first total synthesis of quinine was reported by Uskokovic in the 1970s. The first stereoselective total synthesis of quinine was accomplished only in 2001, by Stork, who incidentally is the originator of the concept of stereoselectivity in total synthesis. Apart from the stereoselectivity, Stork's synthesis of quinine is remarkable for its conceptual uniqueness and retrosynthetic novelty. Naturally, this work has been attested as a landmark in organic synthesis by leaders in the field. Subsequently, Jacobson and Kobayashi reported the catalytic asymmetric synthesis of quinine in 2003 and 2004, respectively. Both these synthesis have followed a similar approach. The present review has attempted to provide a concise account of the synthesis of quinine from a historical perspective.
Quinine, the seemingly simple looking molecule 1 (Figure 1 ), has an important place in the history of mankind. Its impact, direct or indirect, on human health, wealth and civilization is hardly equaled by any other chemical [1] . This cinchona alkaloid's original claim to fame was its antimalarial activity, identified ages ago by the natives of South America and later popularized by Jesuit missionaries in Europe and other parts of the world. 
Isolation and Structure of Quinine
The active ingredient of cinchona bark, quinine, was isolated for the first time by Pelletier and Caventou in 1820 [2] . The legendary Louis Pasteur showed that quinine is levorotatory and on acid hydrolysis it could be converted to a compound that he called quinotoxine [3] . Shortly thereafter Strecker established the empirical formula of quinine as C 20 H 24 N 2 O 2 [4] . It was Paul Rabe, the German chemist who worked for nearly four decades on the 'quinine problem', who finally established the atom connectivity of quinine in 1907 [5] . But long before that, a synthetic endeavor, outrageously ambitious by present day standards, had given birth to the first organic chemical industry in England. In 1865 Perkin, inspired by his mentor A. W. Hofmann, set about to synthesize quinine by the oxidation of N-allyltoluidine and in the process isolated an analogue of what we call today Perkin Mauve [6] . This gave birth to the aniline dye industry which prospered in the following years and launched many other chemical industries. It was the quest for quinine that started it all; serendipitously, of course.
Synthetic Approaches to Quinine
Starting from Perkin's historic failure, there have been a number of attempts to produce quinine in the laboratory. The initial efforts in this direction were driven by the fact that a reconstruction of quinine from its degradation products was the fail-safe method available for the chemist to establish his findings. Later attempts were motivated by factors like pressing war-time demand for the substance, the quest for knowledge or even the thrill for accomplishing something that once was a daunting task for chemists.
Rabe's Claim
In 1918, Rabe claimed a partial synthesis of quinine from its degradation product quinotoxine (Scheme 1) [7] . He employed a C8-N bond formation strategy to construct the quinuclidine ring, a strategy which was followed by a number of investigators later. However, in Rabe's own words details of the aluminum powder reduction of the quininone/ quinidinone mixture to quinine and its isomers "ist noch nicht eingehend beschrieben worden". Rabe published the procedure for the reduction after 14 years, surprisingly for the reduction of dihydrocinchoninone to dihydrocinchonine which is related to quinidine by the same configuration at C8 and C9 [8] . This ambiguity on Rabe's part was of serious consequences because Woodward took Rabe's never-verified claims for granted and what is generally believed to be his epoch-making synthesis of quinine in 1944 was in fact just a synthesis of quinotoxine. Rabe had little knowledge of the complete stereochemistry of quinine and even a successful realization of the Rabe protocol would have produced all the four possible stereoisomers of quinine.
Woodward synthesis of quinine
Access to quinine and therefore the cinchona plantations was critical for the European powers to maintain their supremacy in the colonies of Africa and Asia since malaria was rampant in those days as it is still in some African countries. As World War II rearranged the geo-political equations of the globe, western countries were deprived of a natural quinine supply from the east and the quest for synthetic quinine was a burning problem for Europe and America. It is against this backdrop that the world received the claim of a successful laboratory synthesis of quinine by a young Harvard chemist [9]. Not surprisingly, this feat instantly catapulted Woodward, only 27 years of age then, to international stardom. The achievement was much publicized by the print media; for example, The New York Times praised it "Synthetic Quinine Produced, Ending Century Search" [10] .
Woodward synthesis of quinotoxine started from 3-hydroxybenzaldehyde which was subjected to a Pomerantz-Fritsch isoquinoline synthesis (Scheme 2). The isoquinoline system was modified Scheme 2: Woodward's 1944 'quinine' synthesis by introduction of a methyl group, sequential reductions, and an oxidative ring cleavage to arrive at the disubstitited tetrahydropyridine nucleus. Introduction of the vinyl group and hydrolysis of the ester moiety afforded protected homomeroquinene 4 which was earlier converted to quinotoxine by Prelog [11] . Woodward followed Prelog's synthetic sequences and resolved the racemic quinotoxine to afford the pure d-quinotoxine (Scheme 3). 
Uskokovic quinine synthesis
In the 1970s, a team of researchers led by Uskokovic at the Hoffman-La Roche laboratories reported a number of synthetic approaches to cinchona alkaloids, quinine and quinidine in particular [12] . Their strategy mainly revolved around the C8-N bond formation for the quinuclidine ring construction, a strategy that is also called the Rabe approach. The highlights of Uskokovic's 1970 quinine synthesis are given in the Scheme 4.
Uskokovic and his team reported a few more syntheses of cinchona alkaloids employing related and different approaches. They were able to produce these alkaloids in quantities needed for further research at the Hofmann-La Roche. Perhaps, the most important feature of their syntheses was the novel stereoselective oxidation of deoxyquinine and deoxyquinidine to quinine and quinidine, respectively. This stereoselective introduction of the oxygen functionality at the benzylic position was later modified by Stork and used in his quinine synthesis. It is also important to note that Uskokovic's is the first ever synthesis of quinine with well-documented procedures for the production of the alkaloid (Rabe's poorly described protocol was only for a 'reconstruction' of quinine from quinotoxine, a degradation product of the former). A partial synthesis of quinine was reported in 1970 by Gates, and, a similar synthesis of quinine was published by Taylor in 1974 [13] . However, in spite of the great advances made in organic synthesis, a stereoselective total synthesis of quinine was not achieved in the last century.
Stork Quinine Synthesis
Before Stork entered the scene, most of the approaches to quinine depended on the C8-N bond formation, the so-called Rabe route, because this single retrosynthetic disconnection would simplify the target enormously. But Stork, who introduced the concept of stereoselective synthesis [14, 15] , realized the pitfalls of this strategy with regard to the stereoselectivity of the synthesis. He took a novel approach which consisted of a C6-N bond formation strategy [16] . The uniquely insightful observation made by Stork was that quinine would be enantiomeric with its C8 epimer, cinchonine if one neglects the C-3 vinyl group and in the Rabe approach the transition states leading to the corresponding isomers also would be enantiomeric. The vinyl group being too far away to exert any stereocontrol, the Rabe route was bound to produce roughly equal amounts of the stereoisomers and this was evident from earlier observations made by Uskokovic and others. Stork envisaged that the C8 asymmetry could be created by a closure to a piperidine rather than to a quinuclidine and the disconncetion led to a substituted tetrahydropyridine as the starting point for the construction of the bicyclic ring (Scheme 5).
The precursor for the required trisubstituted tetrahydropyridine, an azidoaldehyde 7, was synthesized in a few steps starting from Taniguchi's chiral lactone 6 [17] . The lithium anion of 6-methoxylepidine 8 was added to 7, which was followed by the re-oxidation of the secondary alcohol to the corresponding ketone. An intramolecular Staudinger reaction of the azido-ketone afforded the tetrahydropyridine 5. A completely stereoselective reduction of the imine, followed by an intramolecular nucleophilic displacement to form the bicyclic system produced deoxyquinine which was subjected to modified Uskokovic autooxidation conditions to complete the first ever stereoselective total synthesis of quinine (Scheme 6) [16] .
The stereoselective hydride reduction of tetrahydropyridine 5 is a remarkable transformation, correctly setting the stereochemistry at the crucial C8 position. The dihydropyridine adopts a half-chair conformation in which the two substituents are near equatorial and the hydride is delivered from the axial face thereby placing all three substituents in equatorial positions. It is also noteworthy that Stork considerably improved the yield and stereoselectivity by modification of Uskokovic's original autooxidation of deoxyquinine. Stork's quinine synthesis was hailed as a landmark in the history of organic chemistry by leading personalities of the field. Prominent chemist Steven Weinreb remarked, "The Stork paper is written with an insight and historical perspective (as well as correcting some myths) rarely seen in the primary chemical literature, and should be required reading for all students of organic chemistry" [18] and Stanford University professor Paul Wender, a trend setter in organic synthesis compared the accomplishment to a ballet: "One schooled in the field will see the exquisite choreography, the remarkable timing, the efficiency of execution, and the economy of movement---and leave inspired" [18] .
Another leading synthetic chemist Amos B. Smith III considered it so important an event that he proclaimed that Professor Stork did "set the record straight" [18] by synthesizing quinine, an obvious reference to the much-publicized myth that Woodward and Doering synthesized quinine in 1944 [9].
Jacobsen's Catalytic asymmetric total syntheses of quinine and quinidine
In 2003, Jacobsen and coworkers at Harvard University published a catalytic asymmetric total synthesis of quinine and quinidine, in which either of the alkaloids could be selectively produced by changing the catalyst for a late stage transformation (Scheme 7) [19] . The key feature of this synthesis was the revival of the original Rabe strategy, involving a C8-N bond formation. The bicyclic ring was created by an intramolecular amino-epoxide cyclization which also set up the correct stereochemistry at C8. The required disubstituted tetrahydropyridine was synthesized using a catalytic enantioselective conjugate addition [20] , fixing the stereochemistry at the C4 position in the process.
Subsequent manipulations established the stereochemistry at C3 and then the heterocyclic system was coupled to the substituted quinoline system, which was accessible in two steps, by a modified Suzuki cross-coupling. The enantioselective epoxidation of the trans olefin was then achieved by the Sharpless asymmetric dihydroxylation (AD)-dehydration sequence. The most significant part of the synthesis is that one can selectively prepare stereoisomeric epoxides by employing different catalysts for the dihydroxylation reactions and thus can target either quinine or quinidine. The final step of the synthesis involved the removal of the protecting group at the nitrogen and a subsequent microwave assisted epoxide opening [21] to afford quinine. Jacobsen's synthesis of quinine with 16 steps and an overall yield of 5% is by far the most economical of them and stands as a testament to the ever-expanding scope and utility of modern asymmetric catalysis. The key steps of the synthesis are illustrated in Scheme 7.
The latest total synthesis of quinine (Kobayashi, 2004)
In his approach to the synthesis of cinchona alkaloids, quinine and quinidine [22] , Kobayashi employed a strategy very similar to that of Jacobsen (Scheme 8). The key step here also is the aminoepoxide cyclization to furnish the bicyclic system. However, the tetrahydropyridine moiety was constructed from readily available chiral cyclopentenediol monoacetate [23]. The quinoline fragment was joined to the heterocyclic system by a Wittig-Horner-Wadsworth olefination. A Sharpless. asymmetric dihydroxylation reaction of the olefin mediated by ADmix-β followed by dehydration to the epoxide furnished the precursor for the crucial cyclization reaction. The epoxide opening could be carried out by simply heating the deprotected amino derivative in DMF. Quinidine was also synthesized by employing ADmix-α for the dihydroxylation reaction and carrying out further transformations as described above.
Jacobsen and Kobayashi worked out a strategy to overcome the inherent lack of stereoselectivity in Rabe's approach by employing asymmetric epoxides for the C8-N cyclization. Stork's approach was different and novel because he opted to explore a brave new strategy where such pitfalls were absent.
Conclusion
Notwithstanding the importance of the molecule in its own right, attempts to synthesize quinine have contributed much to the welfare of mankind, Perkin mauve being the most obvious example. A mere unconfirmed claim of the synthesis of this alkaloid made a young chemist a hero who went on to become a world leader in organic synthesis. Many natural products incredibly more complex than quinine were synthesized by aspiring chemists, but somehow a stereoselective synthesis of quinine eluded the grasp of organic chemists in the last century. The recent synthetic endeavors towards this alkaloid were not intended to generate quantities of the substance, but as Professor Stork puts it, "the value of a quinine synthesis has essentially nothing to do with quinine….it is like the solution to a longstanding theorem in mathematics; it advances the field" [1] .
